Spider silk threads are formed by the irreversible aggregation of silk proteins in a spinning duct with dimensions of only a few micrometers. Here, we present a microfluidic device in which engineered and recombinantly produced spider dragline silk proteins eADF3 (engineered Araneus diadematus fibroin) and eADF4 are assembled into fibers. Our approach allows the direct observation and identification of the essential parameters of dragline silk assembly. Changes in ionic conditions and pH result in aggregation of the two proteins. Assembly of eADF3 fibers was induced only in the presence of an elongational flow component. Strikingly, eADF4 formed fibers only in combination with eADF3. On the basis of these results, we propose a model for dragline silk aggregation and early steps of fiber assembly in the microscopic regime.
Spider silk threads are formed by the irreversible aggregation of silk proteins in a spinning duct with dimensions of only a few micrometers. Here, we present a microfluidic device in which engineered and recombinantly produced spider dragline silk proteins eADF3 (engineered Araneus diadematus fibroin) and eADF4 are assembled into fibers. Our approach allows the direct observation and identification of the essential parameters of dragline silk assembly. Changes in ionic conditions and pH result in aggregation of the two proteins. Assembly of eADF3 fibers was induced only in the presence of an elongational flow component. Strikingly, eADF4 formed fibers only in combination with eADF3. On the basis of these results, we propose a model for dragline silk aggregation and early steps of fiber assembly in the microscopic regime.
colloids ͉ microfluidics ͉ protein materials ͉ rheology F ibrous proteins are essential building blocks of life, providing scaffolds for cells, both intra-and extracellularly (1) . Although most beneficial fibrous assemblies are formed reversibly, irreversible protein aggregation often leads to pathological conditions as found in a group of diseases, including Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), and the transmissible spongiform encephalopathies (TSEs; prion diseases), all of which include extremely stable, highly ordered fibrils termed amyloids (2, 3) . In these so-called conformational diseases, partial misfolding of the involved proteins results in uncontrolled aggregation. However, not every irreversible protein aggregation leads to disease. A wide range of biomaterials are based on extremely stable, extracellular protein fibrils without pathological characteristics. For controlled extracellular fiber formation in biomaterials such as silk, a tightly controlled aggregation and assembly process is mandatory. Upon production, the silk proteins are stored preliminarily under conditions preventing their aggregation in the spinning gland. To form stable selfassembled silk, aggregation of proteins is chemically and physically initiated in spinning ducts with dimensions of only a few micrometers (Fig. 1a) . For silk spinning, two principally different models have been proposed previously. Whereas one model is based on the hypothetical presence of liquid crystalline f low properties of the spinning dope before fiber formation (2), the other model proposes intermediate colloidal assembly states as a prerequisite for fiber assembly (3) . Unfortunately, the complexity of the in vivo process limits a detailed analysis of the assembly mechanism, and in vitro modeling has long been hampered because of the low amount of available highly purified spider silk proteins (4) .
Producing engineered spider silk proteins recombinantly in bacteria provides, however, new possibilities for the investigation of spinning processes (5) (6) (7) . In this work, we used eADF3 and eADF4, previously established engineered variants of the dragline silk fibroins ADF3 and ADF4 of the garden spider Araneus diadematus (8) . One advantage of eADF3 and eADF4 is their easy accessibility at high purity [supporting information (SI) Fig.   S1 and Materials and Methods]. Under distinct solvent conditions these engineered silk proteins controllably assemble into different morphologies, such as nanofibrils (6) , hydrogels (7), films (9, 10) , and microcapsules (11) . Further, conditions for a liquidliquid phase separation have been identified, leading to large colloidal assemblies that likely reflect a prerequisite for silk fiber formation (12) .
Here, we focused on conditions for the controlled aggregation necessary for fiber formation in a laminar flow. In spiders, the spinning duct is a thin S-shaped channel of up to several centimeters in length (depending on spider species and body weight), surrounded by secretory cells that are involved in adjusting the ionic conditions and pH (13) . Thus, flow conditions in spider glands can be technically best mimicked by microfluidic devices: laminar flow conditions enable precise control of ion concentrations and pH values along the channel, and elongational flow conditions can be easily adjusted. Different designs of microfluidic channels allow disentangling various effects, because the solvent conditions can be varied in respect to the various flow conditions and all processes can be observed optically in a time-resolved manner. Therefore, microfluidic devices enable examination of all parameters necessary for assembly of spider silk proteins.
The modular architecture of our microfluidic device (Fig. 1b ) enables solvent adjustments similar to those found in nature by ion exchange and pH with different streams of liquids that are brought into contact. Further, an elongational flow component was applied by narrowing the channel width. Variation of the order of events in the microfluidic device allowed identifying the necessity of each individual contribution and the influence of the sequential order thereof.
Results and Discussion
Previously, it could be shown that eADF4 self-assembles into intracellular threads when produced in insect cells (14) . Therefore, we first investigated the assembly of bacterially produced eADF4 in microfluidic channels. In these experiments, a stream of protein solution (10 mg/ml) was mixed with two streams of varying potassium phosphate concentrations and pH values. Surprisingly, no conditions were found for eADF4 to assemble into fibers: only spherical solid protein aggregates were formed under all conditions tested (15) (Fig. 2 Left).
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Because bacterially produced eADF3 has already been shown to form fibers in vitro (12), we next analyzed eADF3 in our microfluidic channels. It has been observed that eADF3 immediately forms spherical colloidal particles in 500 mM potassium phosphate. These particles typically have diameters of 1-5 m (see Fig. 2 Left). In the microfluidic devices, we were additionally able to produce fibers. However, eADF3 fibers were found only when elongational flow (16) , increase of phosphate concentration (to 500 mM), and pH drop to 6.0 were applied. eADF3 fiber formation started at a flow rate of 600 l/h at a concentration of 20 mg/ml. Thus an elongational flow component ϭ Ѩv x /Ѩx of the order of 1,000 s Ϫ1 suffices to form eADF3 fibers at low protein concentrations.
¶ At lower flow rates only spherical eADF3 colloidal aggregates have been observed, similar to aggregates in equivalent quiescent conditions (12) . Under all other experimental conditions with lower phosphate concentrations, without elongational flow, or without pH drop, eADF3 assembled into spherical aggregates that slightly differed from those found for eADF4 (Fig. 2) . Analysis of the resulting eADF3 fibers revealed that they are highly flexible. eADF3 fibers could be stretched by increasing the flow in the direction of the fiber axis or collapsed by inverting the flow direction (Fig. 3) . Analysis of the fibers in crossedpolarizers microscopy showed patches of structurally highly ordered molecules along the thread (Fig. 3) . Their secondary structure content was observed by FTIR microscopy, which revealed that fibers produced in the microfluidic devices contain mainly ␤-sheets that are responsible for the ordered structural patches as seen in the crossed-polarizers spectroscopy (Table 1 and Fig. S2 ). Remarkably, eADF3 fibers were stable in Millipore water even in the absence of potassium phosphate or other ions. This is not the case for the spherical aggregates of eADF3, which disassembled upon replacement of the potassium phosphate buffer with distilled water.
As the described elongational flow is a necessary precondition for eADF3 fiber formation, the aberrant assembly behavior of eADF3 and eADF4 likely emerges from differences in their response to flow, that is, their rheological behavior. Therefore, we investigated the rheological properties of suspensions of spherical aggregates of eADF3 and eADF4 and determined their viscosity. Strikingly, drastic differences in the behavior of eADF3 and eADF4 were found: whereas suspensions of spherical aggregates of eADF4 flowed undisturbed under shear rates of 80-800 s Ϫ1 , suspensions of eADF3 spheres revealed the formation of higher-order aggregates under identical conditions, as indicated by the irreversible increase of the measured viscosity (Fig. 4) . Further, aggregation of eADF3 was observed to occur faster with increasing shear rate (Fig. 4 Left). In the rheometer only shear flow is present. The flow in the microchannels, however, can be described as a shear flow at comparably low shear rates of 50 s Ϫ1 . Only in the bottlenecks is the superimposed elongational f low the dominating f low effect resulting in aggregation of eADF3.
In general, spherical colloidal assemblies are forced into contact when the respective streamlines of the solvent get closer than the diameter of the particles. Such behavior has been shown to be the dominant cause for aggregation for particles in the micrometer range (17) and to induce shear-activated irreversible aggregation (18) . Once the colloidal silk spheres interact, the intrinsic characteristics of eADF3 and eADF4 contribute to a behavior that can be interpreted by a model originally developed for associative polymers in flow (19) . Hydrophilic side chains presumably stick out of the spherical colloidal assemblies of eADF3 and form dangling ends that can interact with neighboring spherical colloidal assemblies (Fig. 5) . If interactions are favored kinetically, shear thickening can be observed (19) . Shear increases the collision rate of individual proteins or assemblies (20) by increasing the root-mean-square projection of the dangling end in the deformation direction. Such behavior was observed for eADF3 colloidal assemblies, which can interact during elongational flow upon increase of the hit rate of dangling ends (19) . As a result viscosity increases over time, and a macroscopic clot of aggregated material forms (Fig. 4) . Spherical colloidal assemblies of eADF3 revealed predominantly helical conformation, indicating that its conformational state is not that of the final fiber (21, 22) (Table 1) . eADF3 aggregates can be resolved upon reducing the concentration of potassium phosphate (and its accompanying salting-out effect). Applied shear forces induce the irreversible aggregation of eADF3 into fibers with concomitant conformational change into ␤-sheet secondary ¶ The elongational flow component is estimated from the averaged flow speed of vx of 5 mm/s in the channels and of 160 mm/s in the narrow orifice. The distance between orifice and the onset of elongational flow is approximately 100 m. structure. Therefore, we assume that sphere formation is a prerequisite for fiber formation.
In contrast, for eADF4 addition of potassium phosphate (Ͼ300 mM) results in increased hydrophobic interactions accompanied by a dense packing of the proteins. Such tight packing leads to extremely smooth surfaces of the spherical colloidal assemblies. The high aggregation propensity of eADF4 results in the formation of chemically stable spheres in the presence of potassium phosphate (8) , with a high content of ␤-sheet secondary structure (Table 1 ). The lack of dangling ends results in undisturbed flow of the eADF4 colloidal assemblies at the investigated shear rates and times (Fig. 4) . Irreversible sphere formation of eADF4 occurs rapidly, and the accompanying conformational change of the protein is probably initiated in the center of the spheres (23) . Thus, no further interaction between spherical colloidal eADF4 assemblies is possible, and no fiber assembly of eADF4 occurs (Figs. 2 and 5) .
However, the presence of attractive interactions between eADF3 spheres alone is not sufficient for fiber formation. Fiber formation is observed only upon simultaneous decrease in pH from 8 to 6 and application of an elongational shear f low. When the solution of eADF3 was adjusted to pH 6 before initiating the elongational f low, no eADF3 fibers were formed (Fig. 6) , and only spherical aggregates were observed. Because only the nonrepetitive carboxyl-terminal domain of eADF3 contains four amino acids with charged side chains, the necessity of pH change likely indicates the importance of the nonrepetitive domain for fiber assembly. Importantly, induction of colloidal assembly formation upon addition of potassium phosphate at pH 8 outside the microchannels did not affect fiber assembly: the preassembled microspheres converted into fibers when pH drop and elongational f low were applied simultaneously in the microf luidic device. Thus, the preformed spheres are forced together by elongational f low and the pH drop mediates irreversible structural conversion into ␤-sheet-rich fibers. These changes in secondary structure are similar to the assembly process of spider silk in vivo (21, 22, 24) .
Because natural dragline silk consists of both eADF3 and eADF4, we finally investigated the impact of the second dragline silk protein (eADF4) on eADF3 fiber assembly. Therefore, we tested mixtures of the two proteins (eADF3:eADF4 weight ratios from 10:1 to 1:1) concerning its behavior in our microf luidic device. Strikingly, out of the mixture fibers assembled similar to those of eADF3 alone ( . To visualize the potential incorporation of eADF4, we partially labeled (10% wt/wt) eADF4 with the f luorescent dye FITC (9) . Fluorescent micrographs revealed homogenously distributed eADF4 in the assembled fiber (Fig. 7) . It should be noted that the surface of the fibers obtained in the microfluidic channels contains grainy structures, in contrast to the very smooth surfaces of natural silk fibers. Presumably, the assembled structures represent early or intermediate stages of fiber formation, and likely also contain spherical aggregates formed during assembly. Also, it is important to keep in mind that the formation is taking place under water. Drying as found in the natural spinning process is not mimicked in this system and no postspinning drawing has been applied.
Conclusion
In summary, our results are in good agreement with the model of silk formation in insects proposed by Jin and Kaplan (3). We observe that colloidal aggregates are a prerequisite for fiber formation. The preaggregation leading to micrometer-size particles is necessary to allow shear-induced fiber assembly (17) . Once the particles come into contact, their attractive interaction is highly important. Because the interaction between the eADF4 spherical aggregates is not sufficiently attractive, fiber formation of ADF4 does not occur.
Importantly, only protein solutions of low or medium concentration have been used in this study, indicating that liquid crystalline behavior of the spinning dope is not a necessary prerequisite for fiber spinning under the conditions tested. However, high flow rates are necessary in our system to induce fiber assembly. In nature, extremely high protein concentrations and thus dramatically increased viscosities enable fiber formation at much lower elongational flow rates.
The presented approach combining modular microf luidic devices and protein engineering is a promising route to gain further insights into aggregation processes of silk and other proteins. For further analysis, the fibers produced with our method can be extracted from the microf luidic devices by f lushing them out with water, enabling the more detailed investigation of structure-function relationships of the proteins. Such experiments could be performed with atomic force In the proximity of the small orifice in the microfluidic device, particles traveling along the streamlines of the medium are forced into contact, drastically increasing the aggregation rate. Under these conditions, aggregation rate A is proportional to the shear ␥ and to the third power of the particles' radius R (17) . eADF4 spherical colloidal assemblies are apparently ''smooth,'' no dangling ends stick out and contribute to sticking interactions with neighboring colloidal assemblies. In contrast, eADF3 spherical colloidal assemblies are supposed to have dangling ends, which can mediate interactions between neighboring aggregates (19, 20) . Moreover, eADF3 spherical aggregates can be dissolved before aggregation into fibers. The rheological data presented in Fig. 4 support this model. microscopy or optical tweezers. An important issue for mechanical testing is fixing the short and thin fibers in a well defined way without destroying or altering their properties.
Materials and Methods
Proteins. Proteins were produced and purified as described previously (8) and lyophilized. Next, lyophilized proteins were dissolved in 6 M guanidinium thiocyanate and dialyzed into 10 mM tris(hydroxymethyl)aminomethane (Tris) buffer, titrated to pH 8 with HCl. Protein concentrations were measured by absorbance at 280 nm in an ND-1000 spectrophotometer (Nanodrop) using the calculated extinction coefficients of 73,950 M Ϫ1 ⅐cm Ϫ1 for eADF3 and 46,400 M Ϫ1 ⅐cm Ϫ1 for eADF4. Potassium phosphate buffers were prepared at 300 mM and 500 mM at pH 8 or 6.
Microfluidic Setup. Rapid prototyping of microfluidic devices cast of poly(dimethylsiloxane) (PDMS) was used (25) . Briefly, the design of the device is printed in high resolution (3,000 dpi) on a transparency which is used as a mask to expose SU-8 50 positive photoresist (Microchem). After developing, the SU-8 structure serves as a master for the casting of PDMS, which is poured onto the master as a liquid. PDMS was cured for 1 h at 70°C. After being removed from the master, the PDMS replica of the channels is sealed to standard microscopy coverslips after plasma oxidation of both PDMS and glass. Liquid connections were incorporated by punching holes with biopsy punchers (WPI). To preventexcessive sticking of silk proteins to the walls of the microfluidic device, a 1% wt/vol solution of F108 block copolymer was introduced into the channels and incubated for 1 h at 60°C (26) . Before use, all channels were thoroughly rinsed with 10 mM Tris buffer, pH 8.
Fluid flow during the experiments was controlled by syringe pumps (SP210iw, WPI).
Microscopy. For optical microscopy, a Zeiss Axiovert 100TV microscope and a Hammamatsu C8484 camera were used. Image analysis and video recording were done with custom-built software [OpenBox (27) ]. Scanning electron microscopy (SEM) was performed on a JEOL 840A microscope operated at 15 kV.
Infrared Spectroscopy. Infrared spectra were taken between 7,000 and 1,000 cm Ϫ1 by using a Bruker IFS66/s spectrometer connected to a Bruker IRscope II infrared microscope with a ϫ36 objective. Dried samples were placed on CaF 2 slides. Spots not covered with protein were used for background measurements. Fibers were localized and then a suiting aperture was chosen, to measure only spectra of fibrous assemblies. Secondary structure elements were assigned by fitting G peaks to the absorbance spectra in the range between 1,580 and 1,700 cm Ϫ1 (28) . A baseline was subtracted from the spectra and a set of Gaussian peaks was fit to the absorption curve. Data analysis was performed by using the PeakFit routine of the Origin software (OriginLab).
Rheology. Rheological characterization of engineered spider silk solutions was performed on a Physica MCR 301 rheometer (Anton Paar). The measurement geometry was a 25 mm cone-and-plate with a sample volume of 160 l. Temperature of the lower rheometer plate was set to 21°C. A solvent trap was placed over the measurement gap to avoid drying of the sample. Infrared spectra were analyzed to determine secondary structure composition of the protein assemblies. eADF3 assemblies generally showed more helical structures than eADF4 assemblies, which revealed a high content of ␤ -sheet structures. Fibers of eADF3 and eADF4 showed ␤ -sheet-rich secondary structure (peak at 1,625 cm Ϫ1 ). However, eADF3 fibers revealed a higher relative content of ␤ -sheet structures than the mixed fibers of eADF3 and eADF4. Details of the structure assignment can be found in Fig. S2 . Deviations from 100% result from unassigned spectral regions and from rounding errors. 
